We present models in which axions have large couplings to hadrons while remaining naturally light. By assigning U (1) P Q charges to Standard Model quarks such that U (1) P Q is not anomalous under QCD, the derivative couplings naturally arise while no potential is generated for the axion upon QCD confinement. We present simple models that implement this idea both for an axion-like particle and for the QCD axion. We show that both models lead to sizable flavor violations that could be probed by future experiments. Our construction shows that the axion coupling to hadrons can be essentially independent from its mass and thus motivates experimental searches in a wide range of axion parameter space.
Introduction
Axions are one of the most well-motivated candidates for physics beyond the Standard Model. They arise generically in string theory [1, 2] , and are also excellent dark matter candidates [2] [3] [4] [5] [6] . Axions can also provide an elegant solution to the strong CP problem by promoting the QCD θ parameter to a dynamical degree of freedom which is dynamically driven to zero [7] [8] [9] . In the remainder of this paper we will refer to the axion that solves the strong CP problem as the QCD axion, and use axions for all other cases (also called axion-like particles or ALPs in the literature).
There is a growing number of experimental proposals to search for axions covering a wide range of parameter space. Some of the proposals search for the axion via its coupling to photons, and can be divided by proposals that require the axion to be a sizable fraction of dark matter, e.g. ADMX [10] , HAYSTAC [11] , ABRACADABRA [12] , DM radio [13] ; and experiments that look for axions produced in the lab or by astrophysical objects, e.g. CAST [14] , ALPS-II [15] , IAXO [16] (see Figure  2 for a more complete list of experiments). Another class of proposals will search for the axion via its couplings to hadrons. They can also be classified by either requiring the axion to be a sizable fraction of dark matter, e.g. CASPEr-Wind, CASPEr-Electric [17, 18] , nEDM [19] , and recent proposals that make use of torsion pendulums and atomic magnetometry [20] ; 1 or by searching for axions sourced in the lab, e.g. ARIADNE [21] .
Given the exciting experimental program searching for axions, it is important to explore which models are theoretically motivated. While it is straightforward to construct models in which the axionphoton coupling is effectively a free parameter, the coupling to hadrons generally implies additional properties of the axion. In generic models of axions that couple to hadrons, a non-perturbative QCD potential is generated for the axion because hadrons are composite states of fields charged under QCD. In such cases, for a given coupling to hadrons, g aN N , there is an implied (approximate) minimal mass for the axion given by this non-perturbative potential. The overall relation between g aN N and m a is model dependent and can change by order one factors, but is expected to be parametrically given by m a ∼ g aN N m π f π . One way to evade this relation and have a parametrically smaller mass is to have an extra contribution to the potential which is tuned to partially cancel the potential generated by QCD. This possibility has a number of interesting phenomenological consequences which were recently discussed in Ref. [22] (see also Ref. [23] for a natural mechanism to achieve such a cancellation for the mass).
In this work we explore a class of models in which the hadronic couplings of the axion do not lead to an axion mass. In these models, some Standard Model quarks are necessarily charged under the U (1) symmetry associated with the axion (which we will refer to as U (1) P Q ), but with charge assignments such that this symmetry is not anomalous under QCD.
2 In such scenarios, once the U (1) P Q is broken there are derivative couplings between quark currents and the axion, which induce axionhadron couplings. However, since U (1) P Q is not anomalous under QCD, the axion shift symmetry is preserved and no potential is generated.
Because existing experimental constraints require the decay constant of the axion to be f v, where v is the Higgs vacuum expectation value (VEV), the axion cannot be associated with a degree of freedom of a two Higgs doublet model as in the original PQWW QCD axion model [7] [8] [9] . It follows that at energies above f , the Yukawa couplings of any quark field charged under U (1) P Q must come from a higher dimensional operator. Given the large value of the top quark Yukawa, we will assume that the 3rd generation quarks are neutral under U (1) P Q . This means that the coupling to the axion breaks the flavor symmetries of the quark sector and can mediate flavor changing neutral current (FCNC) interactions. Such interactions are strongly constrained, especially in the first two generations. In order to have the largest possible hadronic couplings allowed by FCNC constraints, we will focus on a model in which the U (1) P Q charge assignments respect a U (2) × U (2) flavor symmetry of the first two generations. This will lead to interesting connections between the size of the axion-hadron couplings and the expected meson decay widths from FCNCs (see also [24] [25] [26] [27] for other recently studied axion models with flavor non-diagonal couplings).
In the next section, we present the model and work out the relevant couplings between the axion and Standard Model particles. After that, we show the allowed parameter space for such models and the projected sensitivity of proposed experiments. In the last section, we present a model of the QCD axion with hadronic couplings parametrically larger than what would be expected in generic models.
Model
The motivation of the model is to generate shift-symmetric axion couplings to quarks without simultaneously generating the aGG coupling to gluons which breaks the axion shift symmetry. This can be achieved by assigning U (1) P Q charges to the SM quarks in a way that does not make U (1) P Q anomalous under QCD. In this work we focus on a scenario where the U (1) P Q charge assignment respects a U (2) × U (2) flavor symmetry of the Standard Model, with only the first two generations charged under U (1) P Q . The U (1) P Q charge assignment of the first two generations is given in Table 1 . One can easily check that given these charges, U (1) P Q is not anomalous under QCD.
In addition to the SM fields the model has a scalar field φ which has charge −1 under U (1) P Q . We assume that this field gets a VEV f which breaks the PQ symmetry and that the axion is the corresponding Nambu-Goldstone boson. The Yukawa interactions involving the first two generation singlets are forbidden by U (1) P Q and therefore must arise from dimension five operators involving φ. In this case the quark interactions with the Higgs are given by where Λ is the cutoff scale for this effective theory and should be larger than f , the VEV of the scalar field φ.
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In the broken phase of U (1) P Q , we can replace φ → f √ 2 e −ia/f . At energies below f the quark Yukawa sector is given by
where y
are the quark Yukawa couplings in the Standard Model. Notice that if we assume a hierarchy between f and Λ, as one would expect if the Lagrangian in Eq. 2.1 is valid over a significant energy range, the entries y ij , for j = 1, 2, in the Yukawa matrices are suppressed by f /Λ ≡ . This structure of the Yukawa matrices can partially explain the flavor hierarchy between the third generation and the first two, if one assumes that the λ ij and y i3 in Eq. 2.1 are of the same order. Motivated by this, we take the small parameter to be roughly in the range m s /m b 1/4π. After electroweak symmetry breaking, the axion couples to the quarks as phases in some entries of the quark mass matrix. The field redefinition u 
where F is the photon field strength. These couplings break the flavor symmetry and when written in the mass basis they give rise to flavor changing interactions suppressed by :
where we expect |c ij | ∼ O(1). The strongest constraint on such flavor changing neutral current interactions comes from meson decays, in particular K ± → π ± a, which in this model has a decay width given by
The experimental bounds on this decay is Br(K ± → π ± inv) < 0.73 × 10 −10 [28] , which implies
if we take |c
The NA62 collaboration is also sensitive to this decay [29] and is expected to improve this bound. Another interesting constraint comes from the decay B ± → K ± a, which currently sets a bound at f > 6 × 10 6 GeV × 0.02 . The Belle II experiment [30] is expected to improve the bound on this decay by one or two orders of magnitude, which would make the sensitivity of B ± decays to axions comparable to that of Kaon decays.
Because the interactions in Eq. 2.1 do not generate a mass for the axion, there must be another source of U (1) P Q breaking in order to give the axion a mass. For an axion that doesn't solve the strong CP problem, the mass can be generated by hidden sector dynamics that breaks the continuous shift symmetry associated with the axion. For example, a gauge group under which U (1) P Q is anomalous with confinement scale Λ h would generate a potential
giving the axion a mass m ≈ Λ 2 h /f . We explore a mechanism for generating a mass for the QCD axion that is independent of the size of the derivative coupling to quarks in Section 3.
The axion coupling to quarks in Eq. 2.4 leads to its coupling to nucleons, defined by L ⊃ g aNN (∂ µ a)N γ µ γ 5 N with [33, 34] 
The coupling is +(−) for protons (neutrons), and here we have neglected O( 2 ) effects. Interestingly, the axion couples to protons and neutrons with opposite signs, from the derivative coupling to quarks being proportional to τ 3 of isospin. Since g aNN is independent of the mass of the axion, it can be significantly larger than the corresponding g aNN for a typical KSVZ/DFSZ axion. This increases considerably the range of theoretically motivated parameter space that should be experimentally tested. Current and future experimental bounds on g aNN are shown in Figure 1 .
A coupling of axions to photons, L ⊃ g aγγ aFF , is also generated due to the electromagnetic anomaly when rotating the phases of the first two generations of quarks. Comparing with Eq. 2.3,
The experimental constraints on this coupling are shown in Figure 2 . We see that this construction generically relates the axion-nucleon coupling to the axion-photon coupling and therefore one would expect positive signals to appear in both classes of experiments. 4 
Enhancing the hadronic couplings of the QCD axion
The axion model in the previous section clearly does not solve the strong CP problem, since the axion does not couple to gluons. In this section we explore how one can extend the mechanism used in Figure 1 . Current and future bounds on the axion-nucleon coupling. Regions bounded by solid lines are existing constraints from the branching ratio of K → πa (blue) (with |c12| = 1 and = 0.02), SN1987A [31] (grey) , and black hole superradiance [32] (black) . The darker green region will be probed by CASPEr-Wind [18] , and the lighter green region shows its ultimate theoretical reach [17] . The KSVZ axion line is shown in black (dotted), while the DFSZ axion band is shown in purple. The axion-nucleon coupling has the standard relation for these axions: gaNN ∼ 1/fa ∼ ma/Λ 2 QCD . (To be concrete, we have plotted the axion-proton coupling given in [33] .) In our model, gaNN ∼ 1/f , where f can be an arbitrary value, allowing gaNN to be parametrically larger.
the previous section to obtain a QCD axion with axion-nucleon couplings parametrically larger than its coupling to gluons. This can be achieved by including extra colored fermions with chiral charges under U (1) P Q to generate the aGG coupling. However, in order to get parametric separation between g aN N and m a , the U (1) P Q charge of SM fermions has to be parametrically larger than the charge of the new colored fermion. One way to achieve this in a controlled way is through the clockwork mechanism [48, 49] . A similar construction has already been used to parametrically enhance the axion coupling to photons in Ref. [50] (see also Ref. [51] for extensions of this idea).
The clockwork mechanism introduces N + 1 complex scalars, with a potential
with κ λ. In the limit κ → 0 the potential respects a U (1) N +1 global symmetry, which is spontaneously broken by each scalar getting a VEV f = m 2/λ. This leads to N + 1 goldstone bosons π i Figure 2 . Existing and future constraints on the axion-photon coupling. The lighter grey regions are existing constraints from horizontal branch stars [35] and SN1987A [36] , while the darker grey regions are those from CAST [14] , ADMX [37, 38] , RBF and UF [39] [40] [41] , HAYSTAC [11] , and ORGAN [42] . parametrized by
f . The κ term in Eq. 3.1 explicitly breaks U (1) N +1 down to a single U (1), generating masses m j ∼ κf 2 /2 for N of the would-be goldstone modes. One mode,
remains massless, corresponding to the remaining U (1) symmetry that is not broken by the κ terms. The unbroken U (1) is identified with U (1) P Q , but the approximate U (1) 0 × U (1) 1 × . . . U (1) N symmetry structure is very useful to write down models in which fields have exponentially different U (1) P Q charges. In particular, one can show that a field with unit charge under U (1) k has a U (1) P Q charge 3 k smaller than a field with unit charge under U (1) 0 (see e.g. Ref. [49] ). In order to obtain large quark derivative couplings we take the SM quark singlets to be charged under U (1) 0 , and the new colored fermions to be charged under U (1) k , with 0 < k ≤ N . The Yukawa sector of the model can be written as
where ψ and ψ c are non-SM fermions that are charged under QCD, and L qH | φ→φ0 is the Lagrangian in Eq. 2.1 with the original φ field replaced by φ 0 .
In this setup, the new fermions get a mass ∼ y ψ f , and can be integrated out. More importantly, due to the ψ coupling to φ k , integrating out these fermions generates an axion coupling to gluons with
where the 3 k factor can be understood from Eq. 3.2 (or directly from the fact that ψ has U (1) P Q charge 3 −k ). As a consequence, at energies below Λ QCD the axion gets a potential V ∼ m . Its couplings to photons, and its derivative couplings to quarks and nucleons follow from the previous section. These couplings are all set by the scale 1 f and hence can be parametrically larger than
fa which is the generic expectation for a given axion mass. Bounds on the axion-nucleon coupling specific to the QCD axion are similar to those for non-QCD axions (as shown in Figure 1) , with a few exceptions we discuss below.
Firstly, the bounds from black hole superradiance [32] over the range of masses probed are expected to change. The upper limit on the superradiance bounds in Figure 1 comes from the fact that for non-QCD axions, larger g aN N implies larger axion self-interactions (assuming the potential is similar to Eq. 2.7), which hinders the growth of the boson cloud. This is no longer true for the QCD axion model described in this section, where the full axion potential is essentially independent of g aN N . In this case the main effects that could inhibit the axion cloud growth are interactions with matter in the accretion disk or with magnetic fields surrounding the black hole. Calculating the impact of these interactions is beyond the scope of this work, but very simple estimates indicate that the superradiance bounds should extend to larger g aN N for QCD axions compared to those shown in Figure 1 .
Secondly, the ARIADNE experiment [21] will be sensitive to a large portion of unconstrained parameter space and is not shown in Figure 1 . This experiment is sensitive to axion mediated forces between nucleons [53] , and thus its sensitivity is independent of whether axions form a sizable fraction of dark matter. The experiment will be sensitive to both monopole-dipole and dipole-dipole interactions on length scales of 1/m a . The monopole interaction requires a non-zero CP-violating θGG term (i.e. only possible with a QCD axion), since it does not arise from a shift-symmetric coupling. It also requires that the minimum of the axion potential is not exactly at θ = 0, since the monopole coupling, g N s , is proportional to the θ angle. The dipole coupling, g N p , is model-dependent and is directly related to the axion-nucleon derivative coupling, g aN N . In our model, the dipole coupling can be parametrically larger than that for standard axions (g Figure 3 , while the sensitivity to the dipole-dipole interactions is expected to be in a region of parameter space already in tension with astrophysical bounds. We again see that the parameter space for our axion model (hashed region) extends significantly above the standard QCD axion line, already within reach of the proposed ARIADNE setup for a wide range of values for θ.
Conclusion
In this work we explore models where the axion coupling to nucleons can be much larger than what is generally expected for a given axion mass. This motivates searching for axions in a much wider Figure 3 . Bounds on the monopole-dipole coupling between nucleons from QCD axion-mediated forces. The solid and dashed red curves are the projected sensitivities of the ARIADNE setup for various settings, discussed in Ref. [21] . The green dot-dashed curve is a future projection for a scaled-up setup. Other bounds [52] come from combined g range of parameter space than what typical axion models suggest. The mechanism to enhance the axion-nucleon coupling has a number of interesting properties. It predicts that axion couplings are not flavor diagonal and therefore can induce flavor changing neutral currents. Some of these processes lead to constraints that are comparable to astrophysical bounds (which contain large uncertainties). It also predicts that the axion couples with opposite sign to protons and neutrons, which could potentially lead to interesting features that were not explored in this work. We also explicitly construct a QCD axion model in which the axion-nucleon derivative coupling is parametrically larger than the axion coupling to gluons that is associated with solving the strong CP problem. This provides a concrete example in which the derivative coupling to nucleons is essentially independent from the decay constant associated with the axion potential. Models of this kind significantly expand the QCD axion parameter space that can be tested by experiments sensitive to the axion-nucleon coupling.
